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Abstract. Light scalar-quarks φ (colored scalar particles or idealized diquarks) and their color-
singlet hadronic states are studied with quenched SU(3)c lattice QCD in terms of mass generation.
We investigate “scalar-quark mesons” φ†φ and “scalar-quark baryons” φφφ as the bound states of
scalar-quarks φ . We also investigate the bound states of scalar-quarks φ and quarks ψ , i.e., φ†ψ ,
ψψφ and φφψ , which we name “chimera hadrons”. All the new-type hadrons including φ are found
to have a large mass due to large quantum corrections by gluons, even for zero bare scalar-quark
mass mφ = 0 at a−1 ∼ 1GeV. We conjecture that all colored particles generally acquire a large
effective mass due to dressed gluon effects.
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MASS GENERATION OF COLORED PARTICLES IN QCD
The origin of mass is a fundamental and fascinating subject in physics for a long time.
A standard interpretation of mass origin is the interaction with the Higgs field. However,
the mass of Higgs origin is only about 1% of total mass in the world, because the Higgs
interaction only provides the current quark mass (less than 10MeV for light quarks) and
the lepton mass (0.51MeV for electrons). On the other hand, apart from unknown dark
matter, about 99% of mass of matter in the world originates from the strong interaction,
which actually provides the large constituent quark mass Mψ = (300−400)MeV.
Dynamical fermion-mass generation in the strong interaction can be interpreted as
spontaneous breaking of chiral symmetry, which was first pointed out by Y. Nambu et al.
[1]. According to the chiral symmetry breaking, light quarks are considered to have a
large constituent quark mass of about 400MeV.
Then, a question arises. Is there any mechanism of dynamical mass generation with-
out chiral symmetry breaking? To answer this question, we note the following examples.
One example is gluons, colored vector particles in QCD. While the gluon is massless in
perturbation QCD, non-perturbative effects due to the self-interaction of gluons seem
to generate a large effective gluon mass as (0.5− 1.0)GeV, which is measured in lat-
tice QCD [2, 3]. Actually, glueballs, which are composed by gluons, have a large mass,
e.g., about 1.5GeV [4] even for the lightest glueball (JPC = 0++). Another example is
charm quarks. The current mass of charm quarks is about 1.2GeV at the renormalization
point µ = 1GeV [5]. In the quark model, however, the constituent charm-quark mass is
about 1.6GeV, which reproduces masses of charmonia [6]. The about 400MeV differ-
ence between the current and the constituent charm-quark masses can be explained as
dynamical mass generation without chiral symmetry breaking, since there is no chiral
symmetry for such a heavy-quark system.
These examples suggest that there is other type of mass generation without chiral
symmetry breaking and the Higgs mechanism. Then, we conjecture that, even without
chiral symmetry breaking, large dynamical mass generation generally occurs in the
strong-interaction world, i.e., all colored particles have a large effective mass generated
by dressed gluon effects.
SCALAR-QUARKS AND CHIMERA HADRONS IN LATTICE QCD
In this paper, we study light (3c-colored) “scalar-quarks” φ and their color-singlet
hadronic states using quenched SU(3)c lattice QCD. This is a test-place for dynamical
mass generation without chiral symmetry breaking. Also, this light scalar-quark can be
regarded as “diquark” idealized to be a local field at the scale of a−1 ∼ 1GeV, since the
diquark picture is often used as an important degrees of freedom in hadron physics.
Here, we investigate “scalar-quark mesons” φ †φ and “scalar-quark baryons” φφφ as
the bound states of scalar quarks φ . We also investigate bound states of scalar-quarks φ
and quarks ψ , i.e., φ †ψ , ψψφ and φφψ , which we name “chimera hadrons”.
To include scalar-quarks φ together with quarks ψ and gluons in QCD, we adopt the
generalized QCD Lagrangian density,
L =−
1
4
GaµνGaµν +LF +LSQ, LSQ = tr (Dµφ)†(Dµφ)−m2φ tr φ †φ , (1)
where LF denotes the quark part and mφ the bare mass of scalar-quarks φ . In the lattice
formalism, we adopt the Euclidean lattice action for the scalar-quark sector as
SSQ ≡∑
x,y
φ †(x)
{
−∑
µ
(δx+µˆ,yUµ(x)+δx−µˆ ,yUµ †(y)−2δxy1)+m2φ δxy1
}
φ(y), (2)
where Uµ(x) is the link-variable. For the gluon sector, we adopt the standard Wilson
action with β ≡ 2Ncg2 = 5.7, i.e., a−1 ≃ 1.1GeV on the lattice spacing [7]. For the bare
scalar-quark mass, we take mφ =0.0, 0.11, 0.19 and 0.26GeV. For the quark sector, we
adopt the Wilson quark action with the bare quark mass of mψ=0.09, 0.14 and 0.19GeV.
The lattice QCD calculations have been performed on the supercomputer NEC-SX5 at
Osaka University with the setup summarized in Table 1.
The gauge-invariant hadronic operators O(~x, t) of scalar-quark hadrons and chimera
hadrons are summarized in Table 2. We calculate in lattice QCD the temporal correlator
G(t) ≡ 1V ∑~x〈O(~x, t)O†(~0,0)〉, where the total momentum is projected to be zero. The
mass M of scalar-quark/chimera hadrons are obtained as M ≃− 1T lnG(T ) for large T .
TABLE 1. The lattice QCD setup for scalar-quark hadrons and chimera hadrons.
β Lattice size a−1 bare scalar-quark mass mφ bare quark mass mψ
5.7 163× 32 1.1 GeV 0.00, 0.11, 0.19, 0.26GeV 0.09, 0.14, 0.19GeV
TABLE 2. Operators of scalar-quark hadrons and chimera hadrons. Some of the
new-type hadrons have different statistics from ordinary hadrons. For instance, the
scalar-quark baryon φφφ is a boson and the chimera meson φ†ψ is a fermion.
Scalar-quark meson (φ†φ ) (scalar) Ms(x)≡ φ†a (x)φa(x)
Scalar-quark baryon (φφφ ) (scalar) Bs(x)≡ εabcφa(x)φb(x)φc(x)
Chimera meson (φ†ψ) (spinor) CαM(x)≡ φ†a (x)ψαa (x)
Chimera baryon (ψψφ ) (scalar) CB(x)≡ εabc(ψaT (x)Cγ5ψb(x))φc(x)
Chimera baryon (φφψ) (spinor) CαB (x)≡ εabcφa(x)φb(x)ψαc (x)
Now, we show lattice results for the mass of scalar-quark hadrons, which are com-
posed only by (anti-)scalar-quarks. Figure 1 shows scalar-quark meson masses Mφ†φ ob-
tained from connected diagrams, and scalar-quark baryon masses Mφφφ , plotted against
the bare scalar-quark mass mφ at a−1 ≃ 1.1GeV. Even for zero bare scalar-quark mass,
mφ = 0, scalar-quark hadrons have a large mass as Mφ†φ ≃ 3GeV and Mφφφ ≃ 4.7GeV.
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FIGURE 1. “Scalar-quark hadron” masses in lattice QCD: (a) “scalar-quark meson” masses Mφ †φ and
(b) “scalar-quark baryon” masses Mφφφ , plotted against the bare scalar-quark mass mφ at a−1 ≃ 1.1GeV.
Next, we show lattice QCD results for the mass of chimera hadrons, which are
composed by scalar-quarks φ and quarks ψ . Table 3 shows chimera hadron masses in
terms of the bare scalar-quark mass mφ and the bare quark mass mψ at a−1 ≃ 1.1GeV.
Even near mφ = mψ = 0, we find large mass generation as Mφ†ψ ≃ 1.9GeV for chimera
mesons φ †ψ , and Mψψφ ≃ 2.2GeV, Mφφψ ≃ 3.6GeV for chimera baryons (ψψφ , φφψ).
For scalar-quark/chimera hadrons at mφ =mψ = 0, we find an approximate relation as
M(n1φn2ψ) ≃ n1Mφ +n2Mψ with the constituent quark mass Mψ ≃ 0.4GeV, and thus
obtain a large constituent scalar-quark mass Mφ ≃ 1.5−1.6GeV dynamically generated.
The large mass generation of scalar-quarks φ reflects large quantum corrections for
scalar particles, similar to the necessity of fine tuning for Higgs scalar fields. This lattice
result also indicates that the simple modeling which treats the diquark as a local scalar
field at the scale of a−1 ∼ 1GeV in QCD is rather dangerous and needs subtle fine tuning.
To summarize, we have studied light scalar-quarks φ (colored scalar particles or
idealized diquarks) and their color-singlet hadronic states in quenched SU(3)c lattice
QCD in terms of dynamical mass generation. We have investigated the mass of “scalar-
quark mesons” φ †φ , “scalar-quark baryons” φφφ and “chimera hadrons” φ †ψ , ψψφ ,
φφψ , which are composed by quarks ψ and scalar-quarks φ . For these new-type hadrons
including φ , we have observed large dynamical mass generation of scalar-quarks as
TABLE 3. The mass of chimera hadrons (bound states of scalar-quarks φ and quarks ψ) in term of the
bare scalar-quark mass mφ and the bare quark mass mψ at a−1 ≃ 1.1GeV. Mφ †ψ , Mψψφ , Mφφψ denote
the mass of chimera mesons φ†ψ and chimera baryons (ψψφ , φφψ). The mass unit is GeV.
*The values at mψ = 0.0 are obtained by the linear extrapolation of mψ .
mφ mψ Mφ †ψ Mψψφ Mφφψ
0.00 0.0* 1.85 2.21 3.55
0.00 0.09 1.914±0.008 2.366±0.022 3.607±0.017
0.00 0.14 1.950±0.007 2.464±0.018 3.637±0.014
0.00 0.19 1.986±0.006 2.558±0.016 3.672±0.013
0.11 0.09 1.920±0.008 2.371±0.022 3.617±0.017
0.11 0.14 1.955±0.007 2.470±0.018 3.647±0.014
0.11 0.19 1.991±0.006 2.564±0.016 3.682±0.013
0.19 0.09 1.929±0.008 2.381±0.022 3.635±0.017
0.19 0.14 1.964±0.007 2.479±0.018 3.665±0.014
0.19 0.19 2.000±0.006 2.573±0.016 3.700±0.013
0.26 0.09 1.941±0.008 2.393±0.023 3.658±0.017
0.26 0.14 1.976±0.007 2.491±0.018 3.688±0.014
0.26 0.19 2.012±0.006 2.585±0.016 3.723±0.013
Mφ ≃ 1.5− 1.6GeV due to large quantum corrections by gluons, even for zero bare
scalar-quark mass mφ = 0 at a−1 ≃ 1.1GeV.
In this way, even without chiral symmetry breaking, large dynamical mass generation
occurs for the scalar-quark systems as scalar-quark/chimera hadrons. Together with the
large glueball mass (> 1.5GeV) and large difference (∼ 400MeV) between current
and constituent charm-quark masses, this type of mass generation would be generally
occurred in the strong interaction, and therefore we conjecture that all colored particles
generally acquire a large effective mass due to dressed gluon effects as shown in Fig.2.
FIGURE 2. Schematic figure for dynamical mass generation of colored particles. Even without chiral
symmetry breaking, colored particles generally acquire a large effective mass due to dressed gluons.
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